The majority of natural history studies of human immunodeficiency virus (HIV) infection have immune and viral parameters in men. Data demonstrating that women have lower HIV-1 RNA levels than men at the same CD4 cell counts have raised the question of immunologic differences in HIV-seropositive women. This study describes levels and changes in phenotypic markers of immune maturity, function, and activation in the CD4 and CD8 cell subsets in HIV-seropositive and high-risk HIV-seronegative women. Our primary hypothesis was that activation levels would be significantly higher among illicit drug users. However, results showed that HIV-1 RNA level was the strongest predictor of marker level and that both HIV-1 RNA level and CD4 cell count were independently associated with CD4 activation, but illicit drug use was not. In summary, this study demonstrated that immune activation was a significant pathogenic feature in women and that activation was driven by HIV infection and not illicit drug use.
The majority of natural history studies of human immunodeficiency virus (HIV) infection have immune and viral parameters in men. Data demonstrating that women have lower HIV-1 RNA levels than men at the same CD4 cell counts have raised the question of immunologic differences in HIV-seropositive women. This study describes levels and changes in phenotypic markers of immune maturity, function, and activation in the CD4
and CD8 cell subsets in HIV-seropositive and high-risk HIV-seronegative women. Our primary hypothesis was that activation levels would be significantly higher among illicit drug users. However, results showed that HIV-1 RNA level was the strongest predictor of marker level and that both HIV-1 RNA level and CD4 cell count were independently associated with CD4 activation, but illicit drug use was not. In summary, this study demonstrated that immune activation was a significant pathogenic feature in women and that activation was driven by HIV infection and not illicit drug use.
The institution of highly active antiretroviral therapy (HAART) has had a significant impact on the course of human immunodeficiency virus (HIV) disease and has clearly modified how we evaluate immune and viral parameters in the context of natural history studies [1] . However, the majority of the studies evaluating immunopathogenic features of HIV infection have in-cluded few women or were performed in cohorts of HIV-seropositive men [2] [3] [4] . With the recent demonstration that women have lower HIV-1 RNA levels than men at common CD4 thresholds, it has become essential to assess immune changes in HIV-seropositive women in relation to HIV-1 RNA level, immunologic stage of disease, and therapeutic intervention [5, 6] . Although the mechanism for observed differences in outcome between men and women is not defined, alterations in markers that define the activation level of CD4 and CD8 T cells, memory and naive cells, and those that define functional immune subsets may be quite different in women, compared with men, because of inherent biologic differences. For example, the level of immune activation seen among T cell subsets, which has been clearly shown to be an important pathogenic feature that leads to CD4 T cell loss and a predictor of host response to antiviral therapy [7] [8] [9] [10] [11] , may be higher in women with lower RNA thresholds. It already has been demonstrated that persistent levels of immune activation in subjects with undetectable plasma virus levels may be predictive of virologic failure [11] . Markers of immune maturation that define CD4 and CD8 memory and naive T cells also can be variably influenced by the plasma HIV RNA level, leading to loss of important functional immune responses and subsequent development of opportunistic infections or malignancies [12] [13] [14] . There are additional functional molecules (CD28) present on CD4 and CD8 T cells that are required for T cell interaction with antigen-presenting cells [15] [16] [17] . Finally, the Fas antigen, which is functionally involved in the process of apoptosis, is another critical surface antigen influenced by viral replication [18] [19] [20] . Although the relationship between the level of viral replication and changes in these markers has been extensively studied, few studies have been performed in cohorts of women. This study of a cohort of HIV-seropositive and high-risk HIV-seronegative women was undertaken to prospectively evaluate immunophenotypic marker changes of lymphocyte populations in relation to HIV-1 RNA level and various demographic and behavioral features. The study was designed to address the hypothesis that women who use illicit drugs will have increased levels of immune activation because of chronic antigenic stimulation, with increased loss in CD4 T cell populations.
METHODS

Study population.
The Women's Interagency HIV Study (WIHS) is a prospective multicenter study that was established in August 1993 to conduct comprehensive investigations of the impact of HIV infection on women. The organization and epidemiologic features of the WIHS have been described elsewhere [21] . A total of 2059 HIV-seropositive and 569 HIV-seronegative women were enrolled at 6 clinical sites between 1 October 1994 and 15 November 1995. Participants were evaluated at 6-month intervals. Standardized interview instruments were used to determine behavioral and demographic characteristics and antiretroviral medication use. CD4 cell count was measured for all study participants, and HIV-1 RNA level was measured for all HIV-seropositive women. A subgroup of HIV-seropositive women ( ) was selected for the current prospective n p 302 study on the basis of 3 major patterns of drug use, which were self-reported at WIHS visits 1 and 2: (1) women who reported no history of either injection drug use (IDU) or non-IDU of crack, cocaine, or heroin (CCH) at any time in their past ( ); (2) women who reported non-IDU of CCH in the n p 96 6 months preceding 1 or both visits but gave no history of any IDU ( ); and (3) women who reported IDU in the 6 n p 109 months before 1 or both visits ( ). These women were n p 97 stratified according to CD4 cell count (0-200, 201-500, and 1500 cells/mm 3 ) and number of lifetime male sex partners (1-3, 4-10, and 110 male sex partners). HIV-1-seronegative women ( ) were selected as control subjects and also were stratn p 79 ified according to the n p 32 n p 21 sex partners; in addition, they were chosen to parallel, when feasible, the drug groups, number of sex partners, age, and geographic site of the HIV-seropositive women. Of the eligible women, 228 HIV-seropositive women (75%) and 58 HIV-seronegative women (73%) remained in active follow-up during the recruitment period (31 March 1998 to 2 March 2001). Of the women who remained in active follow-up, 176 HIV-seropositive women (77%) and 48 HIV-seronegative women (83%) agreed to participate in the study, and a written informed consent was obtained from all patients, and human experimentation guidelines of the US Department of Health and Human Services were followed. Participants were asked to give additional information related to drug use, to consent to urine toxicology for cocaine and opiates, and to donate additional specimens for a specialized panel of immunophenotypic markers of immune maturation, function, and activation.
Laboratory methods. HIV antibody status was determined by EIA and confirmed by Western blot for all study participants at enrollment into WIHS and for all HIV-seronegative women at each follow-up visit. Plasma HIV RNA levels were determined on blood samples processed within 6 h of collection by use of the isothermal nucleic acid sequence-based amplification method (BioMerieux) at laboratories participating in the National Institutes of Health (NIH) Virology Quality Assurance program. The lower limit of detection was 400 copies/mL for samples tested from March 1998 through January 1999 and was 80 copies/mL subsequently [22, 23] . CD4 and CD8 T cells were determined by standard flow cytometric methods in laboratories participating in the AIDS Clinical Trials Group (ACTG) quality assurance program and were certified by the Flow Cytometry Quality Assessment Program of the National Institute for Allergy and Infectious Diseases (NIAID) [24] . CD4 and CD8 subset analyses were performed as described elsewhere [25] . In brief, EDTA-anticoagulated whole blood was obtained, and 100 mL were aliquoted per tube. The following monoclonal antibody combinations (PharMingen) were added to each tube and incubated at room temperature for 15 min: HLA-DR/CD38 (activation), CD45RA/CD62L (memory/naive) and CD28/CD95 (functional) for CD4 and CD8 subsets. After this incubation, red blood cells were lysed, and cells were washed with PBS containing 3% fetal bovine serum and 1% sodium azide. Samples were fixed in 1% paraformaldehyde for analysis on a FACSCalibur Flow Cytometer (Becton Dickinson).
Statistical analyses: identification of factors associated with marker levels. The primary goal of this study was to investigate the relationship between HIV-1 RNA level and markers of immune activation, maturation, and function, and to describe the impact of other HIV-specific (CD4 cell count and NOTE. Data are no. (%) of women, unless otherwise indicated. NA, not applicable a x 2 test was used to calculate P values for differences in the distributions of race, no. of lifetime male sex partners, smoking status, alcohol use, and drug use between HIV-seronegative and HIVseropositive women. Wilcoxon rank sum test was used to calculate P values for differences in follow-up time, age, and marker levels.
(in boldface type) was considered to be significant P р .05 for all x 2 tests, follow-up time, and age.
(in boldface type) was considered to be significant P р .005 for marker levels after correction for multiple comparisons. use of HAART), demographic (age and race), and behavioral (illicit drug use, smoking status, alcohol use, and number of lifetime male sex partners) factors on these relationships.
We performed separate analyses on baseline marker levels and on longitudinal data collected every 6 months over a 3-year period. All factors were categorized for the baseline analysis. We first compared demographic and behavioral characteristics and marker levels between HIV-seronegative and HIV-seropositive women. Then we investigated relationships between all factors and marker levels among HIV-seropositive women only. We used the SAS GENMOD procedure (SAS Institute) for repeated measures to perform longitudinal analysis on HIV-seropositive women only. For the univariate analysis, we included factors that were statistically significant from the baseline analysis or were of particular interest. For the multivariate analysis, we included only factors that were statistically significant from the univariate analysis. We specified models for a total of 12 markers and used a nominal significance level of to adjust for multiple P p .005 comparisons. We considered to be suggestive. We .005 ! P ! .05 treated HIV-1 RNA level, CD4 cell count, and age as both categorical and continuous in univariate models and as continuous in multivariate models.
Factors that were of particular interest were use of HAART and illicit drug use. We defined 4 HAART groups: (1) women who were HAART-inexperienced throughout the study period; (2) women who initiated HAART after baseline; (3) women who initiated HAART within 1 year before baseline; and (4) women who initiated HAART 11 year before baseline. We used available toxicology results to validate self-reported illicit drug use. Illicit drug use was defined as IDU or non-IDU of crack, cocaine, or heroin and was reported at each 6-month study visit. For the baseline analysis, we defined 3 drug use groups: (1) women who never reported drug use; (2) women whose last reported drug use was 11 
Impact of HIV-1 RNA level change on change in marker level. Average 6-month changes in levels for 12 markers and in log 10 HIV-1 RNA level over the 3-year study period were estimated for each of the 176 HIV-seropositive women as slopes from a linear regression model. We then specified 12 linear models with marker slopes as the outcome and baseline HIV-1 RNA level and HIV-1 RNA level slopes as predictors. P ! was considered to be significant, and was .005
.005 ! P ! .05 considered to be suggestive. 
RESULTS
The demographic and behavioral features for the HIV-seropositive and HIV-seronegative participants were similar by design (table 1) . HIV-seropositive women had a longer median follow-up time, equivalent to 1 observation (2.0 vs. 1.5 years;
). The median log 10 HIV-1 RNA level among HIV-P ! .0001 seropositive women was 3.56, equivalent to 3650 copies/mL, and about half reported use of HAART during the previous 6 months. Significant differences were noted in a majority of the CD4 and CD8 populations examined at baseline. HIV-seropositive women had significantly higher CD4 cell counts and significantly lower CD8 cell counts, with the exception of CD8-naive cells (234 vs. 260; ). HIV-seropositive women had P p .38 significantly lower expression of CD28 + (43% vs. 67.5%; P ! ) and significantly higher expression of CD95 + (75% vs. .0001 57%;
) on CD8 + T cells, but corresponding differences P ! .0001 with CD4 T cells were not significant. In terms of activation, HIV-seropositive women had significantly elevated levels of CD38 + /DR + in both CD4 T cells (12% vs. 3%; ) and P ! .0001 CD8 T cells (49.5% vs. 11%;
). P ! .0001 We examined the relationship between HIV-1 RNA level and marker levels at baseline among HIV-seropositive women (table 2 and figure 1 ). We observed a highly significant association between HIV-1 RNA level group and CD4 cell count (P ! ), confirming previous reports that higher HIV-1 RNA .0001 levels correspond to lower total CD4 T cell counts and CD4 T cell subsets (table 2). Although the difference in naive CD8 cell counts between HIV-seropositive and HIV-seronegative women was not significant, as noted above, there was an association between HIV-1 RNA level group and naive CD8 cell count ( ), again with lower cell counts corresponding to P p .0001 higher HIV-1 RNA levels. HIV-1 RNA level group was strongly associated with activation (CD38 + /DR + ) in both T cell populations ( ). Furthermore, we noted that a significant P ! .0001 percentage of CD8 T cells was found to be activated, compared with HIV-seronegative women, even for those women with low or undetectable HIV RNA levels (!400 copies/mL). Our data (table 2 and figure 1) indicate that, in CD4 T cells, increased activation occurred at HIV-1 RNA levels 140,000 copies/mL, whereas increased activation in CD8 T cells occurred at much lower HIV-1 RNA levels.
A particular interest was to evaluate the impact of illicit drug use on immune activation. We used available toxicology results to validate self-reported illicit drug use. Toxicology results from at least 1 visit were available for 168 (75%) of the 224 participants. No drug use during the study period was reported by 85 women, of whom 69 always tested negative, for a negative confirmation rate of 81%. The other 83 women reported drug use at least once. Of these, 53 had urine toxicology results available for the same visit, of whom 43 tested positive, for a positive confirmation rate of 81%. Drug-use group was not significantly associated with immune activation in either population (CD4 or CD8) in either baseline or univariate longitudinal analysis (data not shown; see Methods for definition of drug-use group). Figure 2 shows the relationship of CD4 activation with CD4 cell count and HIV-1 RNA level (HIV-seropositive women only) for drug users and non-drug users ( figure 2 ; open circles and closed triangles, respectively). Drug use did not impact CD4 activation among HIV-seronegative women. The mean level among was 3.3% non-drug users and 3.7% among drug users ( ). In the panels corresponding P p .27 to HIV-seropositive women, regression lines from interaction models show that activation decreased with higher CD4 T cell count and increased with higher HIV-1 RNA level. There was no significant difference between drug users and non-drug users with respect to the decrease in CD4 activation and increasing CD4 cell count. In a main effects model, cell count was independently associated with activation ( ), but P ! .0001 the observed increase among drug users was not ( ). The P p .10 increase in activation with high HIV-1 RNA level was not significantly different for drug users and non-drug users. Again, in a main effects model, HIV-1 RNA level was significant ( ), but drug use was not ( ). P ! .0001 P p .09 In addition to CD4 cell count and HIV-1 RNA level, age 
NOTE.
Values are the expected difference in cell count or percentage (P values) for comparison between women at the same time point with all factors identical, except for the one given, from linear regression models adjusted for repeated measures.
(in boldface type) was considered to be significant after correction for P р .005 multiple comparisons.
(in italic type) was considered to be suggestive. .005 ! P ! .05 a CD4 cell count was treated as continuous; reference level was 421 cells/mm 3 ; comparison was for a 100-cell difference.
b Human immunodeficiency virus type 1 (HIV-1) RNA level was treated as continuous; reference level is log 10 copies/mL; comparison is for a 1-log 10 difference. and ethnicity were the only other factors found to be independently associated with level of immune activation and markers of maturation and function from univariate analysis. Table  3 shows the associations between CD4 cell count and HIV-1 RNA level with all markers, adjusted for age and race/ethnicity. Only CD4 cell count and HIV-1 RNA level remained significantly associated with immune activation (CD38 + /DR + ) in both T cell populations, although age and ethnicity were marginally associated with CD4 activation. In models for cell counts (CD4 was excluded), only HIV-1 RNA level remained significantly associated with overall and memory CD4 and naive CD8, but age, in addition to HIV-1 RNA level, was independently associated with naive CD4. In terms of functional markers, CD4 and age were both independently associated with expression of CD95 on CD4 T cells, but only age predicted CD95 on CD8 T cells. CD4 cell count and HIV-1 RNA level were marginally associated with expression of CD28 on CD8 T cells. Table 4 shows how change in HIV-1 RNA level during the study period was related to change in marker level during the same period for women with the same baseline HIV-1 RNA level. In CD4 T cells, an increase in HIV-1 RNA level was significantly associated with a decrease in the expression of CD28 (
) and an increase in activation ( ). It P p .0007 P ! .0001 was marginally associated with decreases in CD4 cell counts and an increase in the expression of CD95. In CD8 T cells, it was significantly associated with increases in the expression of CD95 ( ) and activation ( ). For example, P p .0001 P ! .0001 comparing women who have a 1-log increase in HIV-1 RNA level every 6 months with those who have the same baseline HIV-1 RNA level but no change over time, those with increased viral replication demonstrated a 5% increase in CD4 activation ( ) and an 8% increase in CD8 activation ( ).
DISCUSSION
This is the first study to our knowledge to evaluate the correlates of lymphocyte subset changes in a large cohort of HIV-seropositive and high-risk HIV-seronegative women in reference to CD4 cell count, HIV-1 RNA level, age, and race/ethnicity. We found a strong association between HIV infection and activation of T cells, even for women with an HIV RNA level !400 copies/mL. The level of immune activation on CD4 cells did not increase until the HIV-1 RNA level was 140,000 copies/ mL, whereas CD8 cells demonstrated a progressive increase in activation marker expression with increasing HIV-1 RNA levels. We also found that changes in RNA slope were significantly associated with increase in the percentage of expression of activation markers of both CD4 and CD8 T cells. Numerous publications have highlighted the role of immune activation 
NOTE.
The model compares women with the same baseline HIV-1 RNA level but a 1-log 10 difference in HIV-1 RNA level slope over the 3-year study period. Expected 6-month changes in cell count or percentage correspond to women with higher slopes vs. women with lower slopes.
(in boldface P р .005 type) was considered to be significant after correction for multiple comparisons.
(in italic type) were considered to be suggestive. .005 ! P ! .05 levels, especially on CD8 T cells and disease progression [26] [27] [28] . Quantitative expression of CD38 on CD8 cells has been demonstrated to be a marker of disease progression independent of HIV-1 RNA level [8] . The quantitative measurement of CD38 on CD8 cells also has been shown to add additional predictive power to clinical outcome in subjects with low CD4 cell counts [28] . The current study suggests that the quantitative measurement of CD38/DR on CD8 cells may be a valuable monitoring tool in subjects receiving antiretroviral therapy. Indeed, the persistence of CD8 activation, as measured by CD38/DR, in subjects with an HIV-1 RNA level !400 copies/ mL may indicate inherent immune dysfunction that occurs even in subjects with maximal suppressed viral replication. More recent studies have focused on levels of CD4 T cell activation and have shown that this marker can add to the prognostic value of HIV-1 RNA level and CD4 T cell counts [10] . The majority of these studies have evaluated cohorts of men and have not analyzed variables of age or race/ethnicity.
Our study is one of the first to show the strong correlation of immune activation level and HIV-1 RNA level in women and to demonstrate the lack of association between drug use and immune activation. The level of activation appears to be determined by HIV-1 infection itself. Even at low HIV-1 RNA levels, activation is associated with HIV infection status and not drug use. In addition, we were able to demonstrate a significant association between age and CD4 activation level, but not CD8 marker status. The age-related association with CD4 activation level may be a contributing factor for enhanced HIV disease progression in older individuals [29] [30] [31] [32] . We also found that white persons had higher CD4 cell counts and that both white and black persons had lower CD4 activation levels than did Latina women. This may reflect differences in the use of or adherence to antiretroviral medications or a biologic difference in the study population [33] . The enhanced activation level of CD4 T cells is relevant, because activated CD4 cells serve as a major target for viral replication. Therefore, one of the important goals for therapy should be not only to reduce HIV-1 RNA level but also to reduce immune activation levels so that the susceptible target population is reduced. It has been shown that CD4 recovery does not occur in the setting of virus suppression, unless immune activation levels also are reduced [25] . On the other hand, CD8 activation remained significantly elevated, even in subjects with plasma HIV RNA levels !400 copies/mL. The implication for these data is that immune activation levels might be a more-sensitive marker of ongoing viral replication, especially in tissue reservoirs. We have demonstrated elsewhere [34] that CD4 and CD8 activation levels (CD38/DR) remain elevated in subjects who experience virologic rebound.
We also found that, in the CD4 cell population, higher HIV-1 RNA level was associated with lower cell count in the memory and naive subsets, although age had a significant impact only on naive cells. This reduction in naive cell count with age may be caused by the change in cells from a naive to memory phenotype that occurs with aging and HIV infection [12, 35] . Differences in naive cell count also were noted between Latina and white women, but the association was overshadowed by HIV-1 RNA level and age. In the CD8 cell population, age was the only factor significantly associated with memory, and only HIV-1 RNA level was associated with naive cell count. Overall, these data are consistent with the concept that HIV-1 RNA level is a good predictor of immunodeficiency, as reflected by loss of CD4 subsets. Memory and naive CD4 T cell subsets are critical in generating effective host immune responses. Thus, the significant loss of both CD4 and CD8 naive subsets with increasing HIV-1 RNA level suggests infection of T cell precursors in the thymus that could subsequently affect the ability of an individual to generate new immune responses to HIV or opportunistic pathogens. A number of recent studies have demonstrated that the adult thymus is still functional and has the capability of producing new T cells, even though there is a clear age-related involution. Recently, a newly developed molecular tool, T cell receptor excision circles (TRECs), has been developed to allow for the evaluation of thymic function in peripheral blood samples [36] [37] [38] [39] . Future studies of the level of thymic function (TREC analysis) in these subjects will be necessary to confirm this hypothesis.
A significant expansion of CD28 Ϫ CD8 + cells has been demonstrated in patients with increasing immunodeficiency, as described elsewhere [16, 40, 41] . Our results are consistent with this finding and demonstrate that increasing HIV-1 RNA levels most likely leads to increased cell turnover and loss of CD28 expression. These CD28 Ϫ cells have been shown to have shorter telomers [42] [43] [44] and represent terminally differentiated effector cells. In addition, there is an increasing expression of CD95 associated with age implicating an enhanced propensity of CD8 cells for apoptosis. These data demonstrate that immune activation is a significant pathogenic feature of HIV replication in women as well as in men. The present study also shows that HIV, and not exposure to illicit drugs, is the driving force for immune activation. The finding of significant CD8 T cell activation with low-to-undetectable HIV-1 RNA levels has implications for the inability of current therapeutic HAART regimens to completely suppress virus replication, especially in tissue reservoirs [45] .
